In this paper, a substrate integrated waveguide (SIW) bandpass filter using defected ground structure (DGS) with complementary split ring resonators (CSRRs) is proposed. By using the unique resonant properties of CSRRs and DGSs, two passbands with a transmission zero in the middle have been achieved. The resonant modes of the two passbands are different and the bandwidth of the second passband is much wider than that of the first one. In order to increase out-of-band rejection, a pair of dumbbell DGSs has been added on each side of the CSRRs. The structure is analyzed using equivalent circuit models and simulated based on EM simulation software. For validation, the proposed filter is fabricated and measured. The measurement results are in good agreement with the simulated ones.
Introduction
Substrate integrated waveguide (SIW) was first proposed in 2003 [1] . Based on the TE 0 transmission mode, SIW replaces the side metallic walls of the rectangular waveguide with two rows of metallic via holes, which converts conventional waveguides into planar structures [2] [3] [4] . Therefore, SIWs not only have the properties of high quality factor and low radiation loss which are similar to metallic waveguides but also have the prominent advantage of compact size due to their planar physical structure. SIWs have been applied to the design of filters, oscillators, power dividers, couplers, and many other microwave components. Complementary split ring resonator (CSRR) was proposed in 2004 as a 3D metamaterial [5] that can exhibit negative permeability near its resonant frequency and therefore can be considered as a composite right/left handed (CRLH) structure. When CSRRs are employed in SIW, passbands based on the evanescent mode below the cutoff frequency of the SIW can be created [6, 7] , which can further miniaturize the size of SIW microwave devices. As for the defected ground structure (DGS), it can be regarded as "electromagnetic bandgap" (EBG) structure in the microwave region [8, 9] and the structure is realized by etching periodic or nonperiodic patterns on the metallic layer in order to create extra transmission zeros. When the DGS is employed in filter design, the out-of-band rejection can be improved without major influence on the insertion loss of the passbands [10] .
Based on the three different structures mentioned above, in this paper, a novel dual-band bandpass filter with much compact size and wider passbands is proposed by combining these structures together. Due to the unique resonant properties, two different resonant modes have been achieved to form the passbands and a transmission zero is generated between the two passbands. The corresponding equivalent circuit has been analyzed and the results of full-wave simulation and experimental measurement have been presented.
Theory and Analysis
As shown in Figure 1 , a SIW consists of three layers, namely, a copper plane, a substrate layer, and a ground plane. Metallic via holes are etched at the edge in parallel position. For a SIW resonant cavity, at TE 0 mode, the resonant frequency can be calculated as where 0 is the speed of electromagnetic waves in vacuum and is the relative dielectric constant. For SIW cavities, TE 101 is the dominant mode, and its corresponding resonant frequency f 101 can be given as
The field distribution at TE 101 resonant mode is depicted in Figure 2 . The electromagnetic energy distributes mainly at the center of the SIW cavity. Therefore, radiation loss can be suppressed and, in this way, the quality factor can be improved. By comparing with conventional microstrip resonators, the insertion loss is reduced and better transmission performance is obtained.
The physical structure of CSRRs is depicted in Figure 3 (a). The blue part is metal and the yellow part is the etched CSRRs. They consist of two split resonant rings, and the smaller one is inside the larger one with their openings opposite to each other. While working near the resonant frequency, CSRRs behave like a pair of electric dipoles when they are excited under a vertical axial electric field excitation. Therefore, CSRRs can be regarded as parallel circuit, as shown in Figure 3 (b), where and represent the self capacitance of the rings and their mutual inductance, respectively; the values of them can be calculated as
where out and out are the unit characteristic capacitance and inductance of the outside ring, while in and in are the unit characteristic capacitance and inductance of the inside ring. Then, the resonant frequency of the CSRRs can be calculated as
When CSRRs are employed in SIW, a passband with the evanescent resonant mode below the cutoff frequency of the SIW can be created because CSRRs work as electric dipoles. Therefore, CSRRs can be used to miniaturize the size of the conventional SIWs. In order to increase the out-of-band rejection, defected ground structure (DGS) can be applied in the SIW. The physical structure of the dumbbell DGS is shown in Figure 4 (a). The bottom metal layer is etched into "H" shape and this structure can prevent electromagnetic wave from propagating in the transmission line at a certain frequency point, and thus a transmission zero (TZ) can be created (shown in Figure 5 ). The equivalent circuit of the DGS is shown in Figure 4(b) , and if the TZ is designed properly, it can be employed to increase the out-of-band rejection in filters. The circuit elements and can be calculated as
where and 0 are the cutoff frequency and resonance frequency of the stopband, respectively. In order to implement the proposed filter, firstly, the resonant frequency of the passband produced by the CSRRs based on the evanescent mode below the cutoff frequency of the SIW is calculated and designed. The second step is to add a pair of dumbbell DGSs at each side of the CSRRs to create an extra transmission zero which can increase out-of-band rejection. For CSSRs, they behave like composite right/lefthanded resonators, which can generate the evanescent mode of the SIW cavity. This evanescent resonance is the negative resonant mode of the CSSRs, where the electric field, the magnetic field, and the propagation vector satisfy the lefthanded rule, which is contrary to the traditional resonant mode where only right-handed rule can be satisfied. Hshaped DGSs are placed near the input and output feed lines. They work as a pair of "gates" which block the transmission of electromagnetic wave at certain frequencies; thus, transmission zeros can be generated consciously. At the frequencies where DGSs act as microwave bandgap structures, electromagnetic energy is radiated to free space through the two h-shaped DGSs. Therefore, the isolation between the passbands can be improved. And in this way, of course, DGSs and CSRRs are not completely independent. The influence between DGSs and CSRRs cannot be neglected due to parasitic effects as well as the weak coupling, and therefore the next step is to tune and make optimizations using EM simulation software. After satisfactory results have been achieved, the final step is fabrication and measurement to verify the correctness of simulation results.
Simulation and Measurement
The topology of the proposed filter is shown in Figure 6 . The CSRRs are placed in the center of the SIW cavity to create the passbands in the frequency response. Two dumbbell DGSs are placed at each side of the CSRRs to produce an extra transmission zero which can increase the isolation between these two passbands. The input and output ports are microstrip feed lines with characteristic impedance of 50 ohm. In order to increase the effectiveness of electrical feeding, a pair of tapers function as transition of the transmission line is added between the microstrip line and the SIW. The filter is fabricated on the Taconic RF-35 substrate with the thickness of 0.508 mm, relative dielectric constant of 3.50, and loss tangent of 0.0018, as shown in Figure 7 . The geometric parameters of the filter are tabulated in Table 1 . The filter is simulated using the EM full wave simulation software HFSS and measured using the vector network analyzer ZVA40 of the Rohde & Schwarz company. The simulated and measured results are depicted in Figure 8 . Two passbands have been created within the frequency range from 2 GHz to 14 GHz. The first passband works at the evanescent mode below the cutoff frequency of the SIW. Its center frequency is 5.4 GHz with the insertion loss of 1.1 dB and the relative 3 dB bandwidth of 17.2%. The second passband works at TE 101 resonant mode. Its center frequency is 10.1 GHz with the relative 3 dB bandwidth of 55.2%. These two passbands work at different resonant modes, and the bandwidth of the second passband is much wider than that of the first one. A transmission zero is produced at 6.9 GHz simulated results and the discrepancies are mainly due to the uncertainty of fabrication. The performance comparisons with other recent published SIW filters are given in Table 2 . The advantages the proposed filter are quite obvious. Much wider 3 dB fractional bandwidth has been achieved and the size of the filter is very compact, also the insertion loss is acceptable.
Conclusion
In this paper, a novel SIW bandpass filter using CSRRs with DGSs has been presented and analyzed. Three different structures are combined together to implement the proposed filter. Two passbands are created by evanescent mode and TE 101 mode. The rejection level between the passbands is improved due to the transmission zero generated by DGSs. The measured results are in good agreement with the simulation results, and, by comparing with other similar filters, the proposed filter has the advantages of much compact size, lower insertion loss, and wider 3 dB fraction bandwidth, which makes it feasible and applicable in modern microwave communication circuits.
